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Abstract

Background COVID-19 is a disease known for its neurological involvement. SARS-CoV-2 infection triggers neuroinflamma-
tion, which could significantly contribute to the development of long-term neurological symptoms and structural alterations
in the gray matter. However, the existence of a consistent pattern of cerebral atrophy remains uncertain.

Objective Our study aimed to identify patterns of brain involvement in recovered COVID-19 patients and explore potential
relationships with clinical variables during hospitalization.

Methodology In this study, we included 39 recovered patients and 39 controls from a pre-pandemic database to ensure their
non-exposure to the virus. We obtained clinical data of the patients during hospitalization, and 3 months later; in addition
we obtained T1-weighted magnetic resonance images and performed standard screening cognitive tests.

Results We identified two groups of recovered patients based on a cluster analysis of the significant cortical thickness differ-
ences between patients and controls. Group 1 displayed significant cortical thickness differences in specific cerebral regions,
while Group 2 exhibited significant differences in the cerebellum, though neither group showed cognitive deterioration at
the group level. Notably, Group 1 showed a tendency of higher D-dimer values during hospitalization compared to Group
2, prior to p-value correction.

Conclusion This data-driven division into two groups based on the brain structural differences, and the possible link to
D-dimer values may provide insights into the underlying mechanisms of SARS-COV-2 neurological disruption and its impact
on the brain during and after recovery from the disease.
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Introduction
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rawar33 @ gmail.com COVID-19 was initially described as primarily a res-

piratory infection caused by the SARS-CoV-2 virus [1].
However, subsequent reports have revealed the disease’s
clinical heterogeneity, encompassing a spectrum of mani-
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disturbances, with prominent symptoms including dizzi-
ness, vertigo, headache, cerebrovascular disease, seizures,
anosmia, dysgeusia, fatigue, and myopathic pain [5-7].
In addition to these neurological alterations, COVID-19
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has been associated with deficits in cognitive performance
[8] as well as in brain integrity, manifesting as long-term
alterations in gray and white matter [9, 10].

Various hypotheses aim to elucidate the mechanism
through which the virus induces alterations in the cen-
tral nervous system (CNS). These hypotheses encompass
direct invasion via routes such as the olfactory nerve [11]
or the vagus nerve [12], the formation of microthrombi
[13—15], or changes in blood—brain barrier permeability,
associated with neuroinflammation [16]. In that sense, the
neuroinflammatory process has been recognized as playing
a pivotal role in the persistence of neurological symptoms
[17] and structural changes in gray matter [18].

The pronounced peripheral inflammatory response,
occurring acutely during the in-hospital phase when the
infection reaches its peak, may potentially lead to wide-
spread neuronal loss and an exacerbation of glia-mediated
neuroinflammation that persists even after recovery from
infection [19]. Likewise, the acute cytokine storm is con-
sidered to trigger severe brain damage that can extend to
later stages of the disease [20]. Biochemical indicators
that undergo alterations during the course of the infec-
tion include leukocytosis or leukopenia [21], elevated
C-reactive protein, erythrocyte sedimentation rate, lactate
dehydrogenase [22], interleukins [23, 24], and biomarkers
associated with thrombosis — platelets, fibrinogen, and
D-dimer [25-27] — that are linked with neuroinflamma-
tion processes.

The effect of SARS-CoV-2 infection on the brain is
demonstrated by the persistent gray matter changes in
patients who have recovered from COVID-19 and were
followed up for 3 months [28]. Notably, the most affected
brain regions include the frontal lobes, followed by the
parietal, temporal, occipital, and even cerebellar areas
[29]. However, the diversity of findings underscores the
absence of a consistent pattern of cerebral atrophy across
patients. In other words, the magnitude of cerebral atro-
phy in patients has been shown to be heterogeneous [30],
and neurological alterations may be associated with the
degree and location of long-term cerebral atrophy [31,
32]. In light of this, it is essential to establish potential
connections between sustained cerebral impairment in
individuals recovering from COVID-19 and quantified
inflammatory markers and clinical-behavioral performance
during the acute in-hospital phase of the disease. There-
fore, the objectives of this study include: (1) characterizing
the cortical integrity of cerebral and cerebellar regions
in COVID-19 patients; (2) determining potential profiles
of cerebral atrophy based on cortical thickness integrity;
(3) exploring the possible relationship between cognitive
scores, biomarkers, and their impact on cortical integrity
in recovered COVID-19 patients.
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Materials and methods
Participants

This study included 39 participants (28 males and 11
females) with an average age of 55.80+ 9.34 years
(mean + SD), who were admitted to the inpatient area
of the Instituto Nacional de Enfermedades Respiratorias
(INER) in Mexico City. These participants underwent
clinical monitoring during their in-hospital stay, meet-
ing the following inclusion criteria: hospitalization at the
INER, positive polymerase chain reaction (PCR) test, age
between 18 and 70 years, no history of neurological or
psychiatric disorders, completion of a magnetic resonance
imaging (MRI) study 3 months later, and completion of
cognitive assessments. For each patient, a comprehensive
dataset was compiled during hospitalization including
comorbidities, symptoms reported upon admission, and
pneumonia severity and oxygen therapy (Table 1). The
clinical biochemical data including blood biochemistry,
inflammatory markers, and coagulation factor measure-
ments were obtained at the beginning of hospitalization.
One participant lacked available clinical data and conse-
quently was excluded from any analyses involving clinical
variables, resulting in a total of 38 participants. As this
study was carried out during the first wave of infections
in Mexico, the emergence of new virus variants had not
yet transpired, and vaccines and pharmacological treat-
ments had not been developed; in this sense, they were
not considered as variables in this study. Additionally, a
control group of 39 subjects was included from a pre-pan-
demic database to ensure their non-exposure to the virus
or asymptomatic infection (26 males and 13 females),
with an average age of 55.15 +9.95 years. This control
group only served for cerebral integrity comparisons and
did not undergo evaluation for inflammatory markers or
cognitive performance. The control group had no history
of neurological or psychiatric disorders. All subjects were
age- and sex-matched to the recovered COVID-19 patients.
This project was approved by the research and ethical
committee of the INER under approval number C48-20
and the Instituto Nacional de Neurologia y Neurocirugia
(INNN) under approval number 06-21. The procedures
for human research adhered to the Helsinki Declaration.

Magnetic resonance imaging acquisition

The patients underwent T1-weighted MRI acquisition
3 months after hospital discharge [28]. This imaging
procedure was conducted at the INNN, between Febru-
ary 22 and June 15, 2021, corresponding to Mexico’s first
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Table 1 COVID-19 patients”
demographic data and reported
symptoms on admission, and

All patients (n=39) Cluster analysis of cortical thickness

Group 1 (n=22) Group 2 (n=17)

their subsequent grouping after
hierarchical cluster analysis Age at examination, mean (+SD)
Education, mean (+ SD)
Comorbidities, n (%)

Diabetes

Hypertension

Smoking

Pulmonary disease

Obesity

Cardiovascular disease

55.8 (£9.34)
11.41 (+4.24)

57.93 (£7.28)
11.63 (£4.55)

53.05 (£ 11.1)
11.23 (£3.94)

Reported symptoms on admission, n (%)

Vertigo

Anosmia

Dysgeusia

Headache

Myopathic pain

In-hospital delirium
Pneumonia severity on admission

Moderate, n (%)

Serious, n (%)

Severe, n (%)
Oxygen therapy, n (%)

Nasal cannula

High-flow nasal cannula

MV

Duration of IMV, mean (+ SD)

14 (35.89) 7(31.81) 7(41.17)
10 (25.64) 8 (36.36) 2(11.76)
0 (0) 0(0) 0 (0)
7(17.94) 4(18.18) 3 (17.64)
16 (41.02) 8 (36.36) 8 (47.05)
2(5.12) 2(9.09) 0(0)

12 (30.76) 8 (36.36) 4(23.52)
5(12.82) 4(18.18) 1(5.88)

8 (20.51) 7(31.81) 1(5.88)

9 (23.07) 7(31.81) 2(11.76)
33 (84.61) 18 (81.81) 15 (88.23)
28 (71.79) 15 (68.18) 13 (76.47)
5(12.82) 2(9.09) 3 (17.64)
4(10.25) 1 (4.54) 3 (17.64)
30 (76.92) 19 (86.36) 11 (64.7)
1 (2.56) 1 (4.54) 0 (0)

10 (25.64) 5(22.72) 5(29.41)
28 (71.79) 16 (72.72) 12 (70.58)

19.75 (£22.29) 23.81 (+28.88) 14.33 (£5.19)

Demographic data and symptoms reported at hospital admission for the whole sample and for the cluster-
ized groups based on cortical thickness atrophy. For each variable, we indicate the format of the values

IMYV Invasive mechanical ventilation

wave of infections. Images were acquired using a Sie-
mens Skyra 3 T MRI system at the INNN's MRI unit.
T1-weighted 3D MPRAGE images were obtained with a
TR of 2.2 ms, TE of 2.45 ms, slice thickness of 1 mm, no
gap between slices, matrix size of 256 X 256, and voxel
size of ] mmXx 1 mmX 1 mm.

Cortical thickness quantification

Each T1-weighted image was analyzed using Volbrain [33]
(https://volbrain.upv.es) through two distinct pipelines, both
aimed at determining cortical thickness: (1) Vol2brain [34],
automates the brain segmentation into 135 regions of interest
(ROI) and (2) CERES [35], focuses on cerebellar tissue seg-
mentation, discerning 26 bilateral distinct structures, includ-
ing lobules I-II, III, IV, V, VI, Crus I, Crus II, VIIB, VIIIA,
VIIIB, IX, and X. Cortical thickness values are expressed in
mm. Additionally, the total intracranial volume (TIV) was
computed. Considering the potential confounding effect
caused by TIV [36], a TIV correction was performed. Since

cortical thickness is a linear measure, the cubic root of TIV
was calculated as a means to transform it from volumetric to
unidimensional measurement, resulting in an adjusted TIV.
Following this transformation, a linear regression model was
implemented to correct the measurements of each structure,
accounting for the adjusted TIV.

Cognitive assessment

Like the acquisition of magnetic resonance images, the
cognitive evaluation was carried out at the INNN, between
February 22 and June 15, 2021. Cognitive assessment
encompassed various domains, including attention, visual
and verbal memory, visuospatial functions, verbal nam-
ing, and executive functions. The evaluation involved the
administration of the following tests: Montreal Cognitive
Assessment (MoCA), Brief Attention Test (BAT), Rey-
Osterrieth Complex Figure (copy and immediate recall),
Hopkins Verbal Learning Test-Revised, Boston Naming
Test, Digit Span Backward, Trail Making Test (TMT A and
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B version), Stroop Test, and Verbal Fluency Tests (phone-
mic and semantic). To determine whether recovered patients
displayed suboptimal performance in these tests, we utilized
the formulas established for deriving normative data specific
to neuropsychological assessments among Spanish speakers
from Mexico [37]. These formulas enabled us to calculate
z-scores, facilitating the subsequent identification of par-
ticipants whose scores fell outside — 1 standard deviation
[38]. This criterion was employed to categorize recovered
patients with low cognitive performance, providing a robust
framework for comparison. It is important to note that these
values are normative and should be viewed as a reference to
assess the possibility of cognitive impairments.

Cluster analysis based on encephalic differences

Brain and cerebellar structures showing statistically sig-
nificant differences between recovered patients and con-
trols served as the foundation for investigating patterns of
encephalic deterioration. Initially, the Hopkins statistic was
calculated to assess cluster tendency. Following that, cluster
stability and internal measures (connectivity, silhouette coef-
ficient, and Dunn index) were conducted to compare clus-
tering algorithms, and based on these results a hierarchical
method was applied. Ward’s minimum variance method was
administered for computing the distance between clusters.
Finally, the correlation between the cophenetic distances and
the original distance data (dissimilarity information) was
calculated. The cluster analysis was conducted using the
statistical software R, version 2021.09.0 Build 351.

Principal component analysis

The biomarkers quantified during the in-hospital course of the
disease included C-reactive protein, D-dimer, lactate dehydro-
genase (LDH), fibrinogen, neutrophils, lymphocytes, plate-
lets, and erythrocyte sedimentation rate (ESR). To enhance
data interpretability and streamline the correlation analysis,
we subjected the selected biochemical markers to principal
component analysis (PCA) using MATLAB, version 2018b
(MathWorks Inc., Natick, MA, USA). We extracted compo-
nents with eigenvalues > 1 and conducted a varimax rotation
to optimize data visualization, resulting in orthogonal out-
comes. The scores obtained for each component were con-
verted into Z-scores for subsequent statistical analyses.

It is worth mentioning that a small subset of recovered
patients had incomplete information in some of their clini-
cal data (biomarkers). Due to the limited amount of missing
data, data imputation was carried out for nine participants
who had missing data to a certain extent (proportion of miss-
ing data available =0.05). The data imputation process was
executed using the Missing Data Imputation Toolbox (Folch-
Fortuny et al., 2016), which was implemented in MATLAB.
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Statistical analysis

For all datasets, standardized residuals were calculated, and
the Shapiro—Wilk normality test was applied (p <0.05). Cor-
tical thickness comparisons were conducted between recov-
ered patients and controls, and subsequently between Group
1 and Group 2 as identified through the clustering analysis of
recovered patients. Depending on the normality of the data,
either the 7-test or the Mann—Whitney U-test was conducted.
To account for the challenge of multiple comparisons, p-val-
ues were adjusted using the False Discovery Rate (FDR)
method (¢ =0.05). Additionally, effect sizes were computed
using Cohen’s d or r scores, as appropriate.

The biomarkers quantified on admission, organized
by components following PCA analysis, were examined
for correlations with cognitive performance scores and
normalized cerebral and cerebellar cortical thickness
regions. The choice between appropriate correlation
coefficients, either the Pearson correlation coefficient or
Spearman’s Rho correlation, depended on the distribution
characteristics of standardized residuals. Age and education
were taken into account as covariates. To address multiple
comparisons, the results were subjected to correction using
the FDR method (¢ =0.05). These analyses were conducted
using R version R 1386 3.6.0 and RStudio version 2021.09.0
Build 351.

Results
Neuroanatomical results

The analysis of cortical thickness between recovered
COVID-19 patients and controls revealed significant struc-
tural differences across several cerebral and cerebellar
regions. These included the frontal lobe: left medial frontal
gyrus, right straight gyrus, right medial orbital gyrus, right
medial segment of precentral gyrus, and right supplemen-
tary motor cortex. Additionally, differences were observed
in the temporal lobe, specifically the right temporal pole;
in the occipital lobe, affecting the left inferior occipital
gyrus, left medial occipital gyrus, and left occipital pole;
within the limbic area, encompassing the right limbic cortex,
right entorhinal area, and right parahippocampal gyrus; and
finally, across cerebellar lobes, involving bilateral lobes IV,
V, VI, left lobes crus 11, VIIB, VIIIB, VIIIA, IX, and bilat-
eral lobes X. It is important to note that for the left middle
and inferior occipital gyrus, left occipital pole and lobes
crus II to IX of the cerebellum, recovered patients exhibited
greater cortical thickness compared to controls (Table 2).
Note that a lower cortical thickness is observed in most of
the areas, except in structures of the occipital lobe and some
lobes of the cerebellum.
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Table2 COVID-19 recovered patients’ structures with statistical differences against the control group

Control group (n=39, 13 Patients (n=39, 11 females) Statistic ~ p-valuegppr  Effect size
females)

Age at examination, mean + SD 55.15+9.95 55.80+9.34 -0.29 0.76 —0.06
Structure Mean +SD Median (IQR) Mean+SD Median (IQR)

Middle frontal gyrus left 2.17+0.35 2.09 (0.53) 1.96+£0.33 1.95 (0.44) 2.66 0.04 0.60
Gyrus rectus left 3.09+0.39 3.09 (0.54) 2.82+£0.49 2.71 (0.49) 1058 0.01 0.33
Medial orbital gyrus right 2.97+0.39 2.90 (0.51) 2.72+£0.37 2.68 (0.42) 107 0.01 0.35
Precentral gyrus medial segment right  1.72+0.32 1.69 (0.45) 1.52+0.29 1.55 (0.42) 1037 0.03 0.31
Supplementary motor cortex right 2.34+0.32 2.26 (0.49) 2.07+0.32 2.03 (0.50) 3.72 <0.01 0.84
Temporal pole right 3.54+0.32 3.56 (0.37) 3.29+£0.40 3.27 (0.46) 3.05 0.01 0.69
Inferior occipital gyrus left 2.23+0.32 2.19(0.41) 2.42+0.29 2.39 (0.40) -2.92 0.02 —0.66
Middle occipital gyrus left 2.38+0.36 2.34 (0.49) 2.60+0.39 2.61 (0.51) —2.65 0.04 -0.60
Occipital pole left 1.16+0.31 1.11 (0.37) 1.42+£0.40 1.33 (0.64) 441 0.012 0.36
Limbic cortex right 3.11+0.21 3.10 (0.27) 2.92+0.28 2.93 (0.36) 3.31 0.01 0.75
Entorhinal 4rea right 3.43+0.22 3.48 (0.28) 3.28+0.22 3.31(0.38) 3.06 0.01 0.69
Parahippocampal gyrus right 2.76 +£0.29 2.73 (0.30) 2.59+0.22 2.57 (0.34) 3.08 0.01 0.69
Lobule IV left 4.94+0.15 4.95(0.21) 4.81+0.19 4.85 (0.27) 3.55 <0.01 0.80
Lobule IV right 4.85+0.21 4.86 (0.27) 4.63+0.23 4.65 (0.42) 4.27 <0.01 0.96
Lobule V right 4.77+0.26 4.76 (0.34) 4.45+0.25 4.44 (0.36) 5.45 <0.01 1.23
Lobule V left 4.93+0.19 4.97 (0.28) 4.75+0.20 4.77 (0.18) 1164 <0.01 0.45
Lobule VI left 4.79+0.26 4.77 (0.33) 4.59+0.19 4.63 (0.28) 1108 <0.01 0.39
Lobule VI right 4.72+0.30 4.75 (0.48) 4.29+0.29 4.33 (0.36) 1.280 <0.01 0.58
Lobule Crus II left 4.32+041 4.41 (0.53) 4.58+0.19 4.61 (0.21) 453 0.01 0.34
Lobule VIIB left 4.70+0.27 4.72 (0.30) 491+0.13 4.89 (0.20) 363 <0.01 0.45
Lobule VIIIB left 4.88+0.21 4.94 (0.33) 5.05+0.13 5.06 (0.20) 405 <0.01 0.40
Lobule VIIIA left 4.83+0.17 4.85(0.21) 5.00+0.14 4.99 (0.21) -5.01 <0.01 -1.14
Lobule IX left 3.76 +£0.39 3.75(0.61) 4.00+0.29 3.99 (0.36) -3.16 0.01 -0.71
Lobule X left 2.81+0.41 2.87 (0.58) 2.30+0.42 2.29 (0.59) 5.74 <0.01 1.30
Lobule X right 221+0.44 2.13(0.74) 1.96+£0.32 1.91 (0.46) 2.81 0.03 0.63

Patient and the control groups’ cortical thickness evidencing global encephalic changes after 7-student and Mann—Whitney U test

Recovered COVID-19 patients’ clusterization
and within-group comparison

Subsequently, the entire set of structures displaying differ-
ences in cortical thickness among recovered patients was
examined to identify whether patients exhibited distinct pro-
files of structural differences. To confirm inherent cluster-
ing tendencies, the Hopkins statistic (H) was utilized, yield-
ing a statistic indicating a tendency for cluster formation
(H=0.59). As a result, hierarchical cluster analysis using
the Ward method was applied, resulting in the formation of
2 groups. Likewise, cophenetic distances were computed,
yielding a correlation coefficient of 0.55. The dendogram
classified recovered patients into Group 1 (n=22) and Group
2 (n=17) (Fig. 1).

Following the formation of these two groups, a
comparative analysis was conducted between them. The
results revealed statistically significant differences, in

that sense. Group 1 exhibited reduced cortical thickness
in cerebral structures, including left middle frontal gyrus,
right gyrus rectus, right medial orbital gyrus, and right
supplementary motor cortex in the frontal lobe; the right
temporal pole in the temporal lobe; the right limbic cortex,
right entorhinal area, and right parahippocampal gyrus in
the limbic area. In contrast, Group 2 displayed lower cortical
thickness in the cerebellum, particularly in the left lobule
VIIIA and left lobule VIIIB (Table 3).

Similarly, a comparative analysis was conducted
to contrast the results of clinical and cognitive tests
between the groups of recovered patients. However, no
statistically significant differences were observed in terms
of cognitive performance or biomarkers between the two
groups of patients. Only D-dimer showed a tendency of
differences intra-groups (D-dimer p-uncorrected =0.03;
p-adjusted =0.10; U=251; r=0.34) (supplementary
material).

@ Springer
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Fig.1 Dendogram showing the
hierarchical cluster analysis.
The y-axis of the dendogram
refers to the “height” which is
the measure of the distance or
similarity between the groups
in the hierarchical clustering
analysis. The x-axis represents

the groups formed by the cluster 2- :
analysis. Group 1 consists of 22 i
patients who presented less cer- |
ebral cortical thickness (shown '
in red). Group 2 comprises 17 i
o

patients who presented changes
in cerebellar cortical thickness 0-
(shown in blue)

Table 3 Statistical significant differences between the groups formed by the cluster analysis

Group 1 (n=22, 5 females) Group 2 (n=17, 6 females) Statistic ~ p-valuegpg  Effect size

Age at examination, mean +SD 57.93+7.28 53.05+11.1 1.65 0.10 0.51
Education, mean +SD 11.63+4.55 11.23+3.94 289 0.77 0.09
Structure Mean +SD Median (IQR)  Mean+SD Median (IQR)

Middle frontal gyrus left 1.84+0.27 1.87 (0.36) 2.12+0.36 2.09 (0.44) -2.75 0.02 -0.89
Right gyrus rectus 2.57+0.35 2.55(0.36) 3.14+0.47 2.94 (0.58) —4.23 <0.01 -1.36
Right medial orbital gyrus 2.55+0.20 2.58 (0.29) 2.95+0.40 2.81(0.57) -3.69 <0.01 -1.23
Right supplementary motor cortex ~ 1.94+0.24 1.91 (0.32) 2.22+0.35 2.27 (0.43) —2.85 0.02 -0.92
Right temporal pole 3.10+0.35 3.14 (0.36) 3.53+0.33 3.43 (0.42) —3.88 <0.01 -1.25
Right entorhinal area 3.18+0.19 3.22(0.28) 3.41+0.20 3.41 (0.23) —3.58 <0.01 —1.15
Right limbic cortex 2.78+0.22 2.79 (0.29) 3.12+0.23 3.09 (0.20) —4.62 <0.01 —1.49
Right parahippocampal gyrus 2.51+0.20 2.4874 (0.23) 2.70+0.18 2.72 (0.23) —-2.96 0.01 -0.95
Left VIIIA 5.05+0.14 5.06 (0.20) 4.94+0.08 4.93 (0.14) 2.65 0.02 0.85
Left VIIIB 5.10+0.09 5.09 (0.16) 4.99+0.12 4.98 (0.18) 3.00 0.01 0.96

Values (mm) of encephalic structures that were different between group 1 and group 2

Clinical biochemical data

The clinical biochemical data including blood biochemistry,
inflammatory markers, and coagulation factor measurements
were obtained at the beginning of hospitalization (Table 4).
It is important to note the subtle differences in the immune
response, thrombotic and inflammatory features, and their
association with each cluster.

Cognitive results

On the other hand, normative data proposed for the Mexican
population were utilized as a reference to determine poor
cognitive performance. Recovered patients who achieved
scores > — 1 standard deviation were selected to represent
the percentage of patients who could indicate potentially
poor performance compared to normative data (Table 5).
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Principal component analysis

The PCA analysis of the biomarkers revealed that the first
three components accounted for 69.17% of the total vari-
ance. These obtained components aligned with previously
published findings [39]. Each component was assigned a
distinct label: PC1 =thromboinflammation (IL-6): C-reac-
tive protein, fibrinogen, and lymphocytes (34.46% of vari-
ance). PC2=myeloid lineage: neutrophils, platelets, and
ESR (19.97% of variance). PC3 = systemic inflammation:
D-dimer and lactate dehydrogenase (LDH) (14.73% of vari-
ance). Furthermore, an analysis was conducted to investigate
whether there were differences among these components
within the recovered patient groups. However, the analy-
sis did not reveal statistically significant disparities across
these components within the recovered patient groups (PCl1:
p=0.3; PC2: p=0.4; PC3: p=0.5).
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Table 4 COVID-19 patients’ clinical features on admission and their subsequent grouping after hierarchical cluster analysis

Cluster analysis of Cortical thickness

All patients Group 1 Group 2
Blood workup on admission, mean (+SD)
Leucocytes (X 10°/L) 10.82 (£5.07) 11.19 (£5.35) 10.35 (£ 4.82)
Neutrophil (%) 85.08 (£10.93) 86 (£ 10.98) 83.96 (£ 11.09)
Lymphocytes (%) 9.92 (£8.41) 9.52 (8.18) 10.4 (£8.9)
Monocytes (%) 4.49 (£3.07) 4.18 (£3.34) 4.88 (£2.77)
Eosinophils (%) 0.28 (£0.99) 0.14 (£ 0.32) 0.45 (£ 1.44)
Basophils (%) 0.2 (£0.21) 0.11 (£0.1) 0.3 (£0.27)
Hemoglobin (g/dL) 15.33 (£1.72) 15.5 (£1.78) 15.11 (£ 1.68)
Platelets (x 10%/L) 182.92 (£ 144.54) 170.09 (£ 162.36) 198.76 (£ 121.98)
Inflammatory markers on hospital admission, mean (£ SD)
Creatinine (mg/dL) (n=38, Group 1=21) 0.65 (£0.53) 0.68 (£ 0.61) 0.62 (£0.42)
Creatine phosphokinase (IU/L) (n=37, Group 1=21) 141.72 (£ 183.74) 108.04 (£96.51) 185.87 (£253.83)

LDH (U/L) (n=37, Group 1=21)
CRP (mg/L) (n=36, Group 1=20)
D dimer (pg/mL) (n=36, Group 1=20)
Fibrinogen (mg/dL) (n=34, Group 1=20)
ESR (mm/h) (n=29, Group 1=17)
Coagulation factor on hospital admission, mean (£ SD)
PT (s) (n=34, Group 1=20)
INR (n=34, Group 1=20)
aPTT (s) (n=34, Group 1=20)

475.94 (+ 179.31)
17.48 (+7.62)
1.24 (+ 1.47)
746.61 (+ 140.14)
28.51 (+8.49)

15.54 (+5.52)
1.09 (+0.4)
41.71 (+ 11.01)

490.61 (+ 183.02)
17.23 (+6.71)
1.55 (+ 1.82)
766.5 (+ 133.25)
27.17 (£ 10.51)

14.81 (+1.17)
1.03 (+0.08)
40.74 (+5.94)

456.68 (+ 178.34)
17.79 (+ 8.85)
0.84 (+0.74)
718.21 (+ 149.77)
30.41 (+4.03)

16.6 (+8.56)
1.16 (+0.62)
43.10 (+ 15.89)

COVID-19 patient’s biochemical features on admission and their subsequent grouping after cluster analysis

LDH lactate dehydrogenase. CRP C reactive protein. ESR erythrocyte sedimentation rate. PT prothrombin time. /NR international normalized

ratio. aPTT activated partial thromboplastin time

Correlations between cerebral-cerebellar
cortical thickness and clinical biochemical data
and cognitive performance

Correlation analysis was conducted between the PCA com-
ponents 1-3 and the cerebral and cerebellar structures that
exhibited differences between recovered patients and con-
trols. Initially, a correlation analysis encompassed compo-
nents 1-3 and all structures that had demonstrated disparities
between recovered patients and controls. Subsequently, only
those structures exhibiting reduced cortical thickness were
chosen, and depending on whether they belonged to Group
1 or Group 2, they were correlated once more with the
obtained components. Although no significant correlations
were identified after adjusting the p-values, a discernible
trend was observed, linking specific structures with throm-
boinflammation (PC1 component) (Fig. 2).

On the other hand, in the correlation analysis between
the affected structures and the cognitive tests, we initially
considered the entire group of recovered patients, correlat-
ing cognitive scores with all the structures that had exhibited
differences between recovered patients and controls. Sub-
sequently, the analysis was conducted for specific groups

obtained from the cluster analysis. However, no statisti-
cally significant correlations were identified for either after
p-value correction, although some correlation trends can be
observed (see Supplementary Material).

Discussion

COVID-19 is a disease known to have neurological conse-
quences, leading to changes in the gray matter of the brain,
particularly evident in the reduction of cortical thickness
[28, 29]. Here, we tested if it is possible to find an ence-
phalic lesion pattern associated with this disease. Our study
unveiled significant differences in cortical thickness between
recovered COVID-19 patients and control subjects, with
the most pronounced changes observed in the frontal and
cerebellar regions, followed by lesions of the occipital and
temporal lobes, as well as the limbic area.

Various authors have attempted to categorize the clini-
cal profiles of COVID-19 patients. Some have identified
distinct clinical phenotypes characterized by elevated
levels of hypoxemia and their correlation with laboratory
findings such as neutrophil and lymphocyte counts [40].

@ Springer



Neurological Sciences

Table 5 Cognitive scores of COVID-19 recovered patients with cognitive impairment and their subsequent grouping after hierarchical cluster

analysis

Cluster analysis of cortical thickness

Cognitive scores

All patients (n=39)

Group 1 (n=22) Group 2 (n=17)

Mean of crude values (SD) / n (%)

Montreal Cognitive Assessment (MoCA) 25.94 (3.29)
Boston Test 50.69 (5.45)
Verbal Fluency (F) 11.76 (4.03)
Verbal Fluency (A) 9.9 (3.47)
Verbal Fluency (S) 10.69 (2.72)
Verbal Fluency (animals) 20.69 (3.95)
Stroop Test 31.87 (9.42)
Digit Span (backward) 3.56 (1.07)

Trail Making Test Form A (TMT A)
Trail Making Test Form B (TMT B)

67.15 (24.79)
159.58 (82.36)

Hopkins Verbal Learning Test (sum of total trials) 20.38 (4.22)
Hopkins Verbal Learning Test (delayed recall) 7.36 (2.24)

Brief Test of Attention 15.53 (3.16)
Rey—Osterrieth Complex Figure (copy) 32.52 (4.40)
Rey—Osterrieth Complex Figure (recall) 19.52 (6.50)

18 (46.15) 26.13(3.77)  8(36.36) 2570 (2.64)  10(58.82)
2(5.12)  51.40(5.08)  0(0) 4976 (5.92)  2(1L.11)
6(1538) 12.18(3.89)  3(13.63) 11.23(4.26) 3 (16.66)
10 (25.64)  9.09 (2.58) 7(31.81) 1111 (4.18)  3(16.66)
5(12.82) 1063 (2.46)  3(13.63) 1076 3.11)  2(11.11)
1(256)  20.63(4.38)  1(4.54) 2076(345  0(0)
9(23.07) 3277 (10.60)  5(22.72) 30.70 (7.80) 4 (23.52)
13(33.33)  3.77(0.97) 6(27.27) 3.29 (1.15) 7 (41.17)
11(2820) 7127 (28.66) 7(31.81) 61.82(18.10) 4 (23.52)
11(2820) 160.72(93.37) 7(31.81) 158.11(68.29) 4 (23.52)
3(7.69)  20.63 (4.81)  2(9.09) 20.05(3.41)  1(5.88)
3(7.69)  7.22(2.28) 2(9.09)  7.52(2.23) 1(5.88)
1(256)  1581(3.09) 1454 1517(332)  0(0)
2(5.12)  3243(381) 1454 3264(5.18)  1(5.88)
4(1025) 19.86(6.01)  1(4.54) 19.08(7.25) 3 (16.66)

The first column of each group displays the mean raw score obtained in each cognitive test alongside its standard deviation. The second column
indicates the number and percentage of patients who scored> —1 SD in comparison to the total number of patients (n=39). Subsequent col-
umns present the count and percentage of patients within each group formed after cluster analysis

a) b) c)
r=-0.45 r=-0.48 r=-0.46
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Fig.2 Correlations between PC1=thromboinflammation (IL-6) and
cerebral structures. The brain structures that were significantly differ-
ent between group 1 and group 2 and their association with thrombo-

In our study, we opted to categorize patients based on the
encephalic structures that displayed significant differ-
ences in cortical thickness between recovered COVID-19
patients and control subjects. This categorization resulted
in two groups: one marked by reduced cortical thickness
mainly in cerebral areas (Group 1) and the other charac-
terized by changes with major impact in cerebellar areas
(Group 2). This divergence in patterns may suggest two
different mechanisms of viral involvement [41].
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inflammatory CP1 (IL6) are shown. A trend can be observed between
the correlation of brain structures and said component

The existing literature presents several mechanisms
through which SARS-CoV-2 can inflict damage on brain tis-
sue [42]. These mechanisms encompass direct invasion via
the olfactory nerve [11] or the vagus nerve [12], the formation
of microthrombi [13-15], or alterations in blood—brain bar-
rier permeability associated with neuroinflammation [16]. We
hypothesized that these infection mechanisms might be linked
to the distinct pattern observed in our study. Although there
was no statistically significant difference between the patient
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groups, a trend could be observed towards a higher incidence
of dysgeusia and anosmia was more prevalent in Group 1 (as
shown in Table 1). This observation holds significance as
Group 1 is characterized by cerebral atrophy, suggesting that
the olfactory nerve could serve as a potential route for viral
entry into the central nervous system, thus contributing to the
clinical manifestation of dysgeusia and anosmia. Addition-
ally, despite both groups displaying a similar trend in terms
of oxygen therapy, Group 1 had a longer average duration of
mechanical ventilation [43].

The clinical-behavioral findings underscore a notable
degree of uniformity within the recovered patient groups,
particularly in terms of cognitive performance and the data
derived from blood samples and inflammatory markers.
Nevertheless, despite the absence of statistically significant
differences in cognitive performance or clinical components
after adjusting for p-values, a noticeable trend emerged con-
cerning D-dimer levels. Group 1 exhibited higher values
compared to Group 2. This observation lends support to the
hypothesis of immunothrombosis as a potential mechanism
of central nervous system damage [26, 44] with Group 1
displaying a more pronounced elevation. It prompts con-
sideration of the possibility of additional ischemic damage
associated with immunothrombosis, in addition to the direct
entry of the virus into the brain. This process hinges not
only on the state of inflammation in the brain but also on
microthrombus formation and the ensuing tissue hypoxia
it brings about. Prolonged periods of immobility [27, 45],
a contributing factor to vascular stasis and a risk factor for
thrombus formation, may exacerbate this process. D-dimer,
in this context, serves as an indirect marker [46].

On the other hand, the predominance of cerebellar dif-
ferences in Group 2 can be elucidated by considering three
underlying factors. Firstly, the cerebellum houses a greater
number of vascular structures that support peripheral circu-
lation, making it a region less susceptible to ischemic pro-
cesses [47]. However, this extensive vascularization comes
with a double-edged nature; while it reduces susceptibility
to ischemic injury, it also renders the region more respon-
sive to inflammatory processes. This heightened sensitivity
arises from inflammation being a process that involves both
vascular and immune components [48]. Due to the greater
vascularization in these regions, inflammatory processes can
potentially induce more substantial local damage [49, 50].
Secondly, there exists a distinct pattern of immune expres-
sion within the central nervous system (CNS), where spe-
cific regions are more predisposed to heightened inflamma-
tory responses and collateral damage to neural tissue [51,
52]. Thirdly, alterations in blood—brain barrier permeability
can facilitate tissue damage through neuroinflammatory
mechanisms and glial activation [17]. The convergence of
these factors likely contributes to the observed preferential
involvement of cerebellar structures in Group 2.

Moreover, it is noteworthy to highlight the observed
increase in cortical thickness among patients in the occipital
regions, suggesting a possible association with gliosis [53].
Prior research has indicated an increase in cortical thick-
ness across different pathologies, which is thought to be
linked to phenotypic alterations in glial cells during neuro-
inflammation, notably astrocytic soma hypertrophy [54—-56].
However, it is crucial to acknowledge that further extensive
investigation in future studies is necessary to elucidate the
precise underlying mechanism driving this increased corti-
cal thickness.

Lastly, concerning the cognitive aspect, it is crucial to
emphasize that Group 1, which predominantly demonstrated
cerebral damage, particularly in the frontal lobe [57] and
medial temporal pole [58], exhibited a tendency to corre-
late with attention and working memory tasks. On the other
hand, Group 2, which showed changes in the cerebellum,
showed a correlation trend with visuospatial tasks (supple-
mentary material). The role of the cerebellum in visuospatial
functions has been previously studied [59, 60]. This observa-
tion underscores the intricate interplay between long-term
structural damage and cognitive changes that depend on
the pattern of atrophy exhibited in recovered COVID-19
patients.

The in-hospital course plays a fundamental role in the
clinical presentations of recovered COVID-19 patients.
Although our study contributes to the understanding of the
causal factors underlying brain damage, subsequent studies
should further consider other significant factors related to
the evolution of COVID-19, including SARS-CoV-2 varia-
tions [61], the impact of vaccination, and the administration
of therapeutic agents such as Paxlovid [62] and steroids in
hospitalized patients [63]. These variables have the poten-
tial to influence disease progression and the development
of sequelae. Therefore, appropriate clinical follow-up will
enable timely support for patients experiencing sequelae.

Conclusions

Our results contribute valuable insights into the relationship
between COVID-19 and encephalic structural alterations.
Although this study is exploratory, it has revealed signifi-
cant trends that can lay the groundwork for future research.
In the first place, it was possible to characterize the integ-
rity of the cerebral and cerebellar regions after the cluster
analysis, observing the division of two groups, one with dif-
ferences mainly in the brain and the other with changes in
the cerebellum, this opens the possibility to speculate about
the existence of different viral mechanisms of action that
affect the CNS distinctly. Similarly, the results suggested a
possible impact of inflammatory markers on the brain integ-
rity in patients recovered from COVID-19. Future research
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endeavors with larger sample sizes and additional compre-
hensive data collection would undoubtedly enhance the
robustness of our findings, providing a better understanding
of the long-term COVID-19 sequelae.

Limitations

We acknowledge that the present study may have certain
limitations, with the most prominent being the relatively
small sample size. This limitation may affect the generaliz-
ability of our findings to a broader population. Addition-
ally, the absence of extensive and domain-specific cognitive
assessments and comprehensive clinical data for the control
group hampers the comparisons between this group and
the recovered patient cohort, as well as the lack of cogni-
tive evaluations prior to SARS-CoV-2 infection of patients.
Furthermore, the unavailability of initial MRI scans upon
hospitalization limited our capacity to conduct a compre-
hensive longitudinal analysis during the acute phase. Such
an analysis would have offered valuable insights into the
evolution of structural changes over time. Finally, given the
specific nature of this cross-sectional study, it is important
to note that the impact of COVID-19 variants, vaccination,
and therapeutic interventions on disease progression and
sequelae were not considered, as previously explained in
the “Participants” section.
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